Background: During the past two decades, external-beam radiation technology has substantially changed from traditional two-dimensional to conformal three-dimensional to intensity-modulated planning and stereotactic body radiotherapy (SBRT). Summary: Modern techniques of radiotherapy (RT) are highly focused and capable of delivering an ablative dose to targeted hepatocellular carcinoma (HCC) tumors. SBRT is an option for selected patients with limited tumor volume and non-eligibility for other invasive treatments. Moreover, RT combined with a radiation sensitizer (RS) to increase the therapeutic ratio has shown promising results in select studies, prompting further investigation of this combination. With the undetermined role of RT in treatment guidelines and variation in patterns of treatment failure after RT in patient with HCC, useful biomarkers to guide RT decision-making and selection of patients are needed and emerging. Key Message: The objective of this review is to summarize the current RS with SBRT schemes and biomarkers for patient selection used to maximize the effect of RT on HCC.
Introduction
Most patients with locally advanced hepatocellular carcinoma (HCC) are not candidates for potentially curative treatment, including surgery and radiofrequency ablation, due to pre-existing liver diseases, co-morbidities, or poor performance status [1] . Aggressive lo- cal treatment is justified by the high rate of intrahepatic recurrence in patients undergoing surgery [2] , and most of these patients eventually undergo multiple treatments including transarterial chemoembolization (TACE), cryotherapy, microwave ablation, and other ablative techniques. Historically, external beam radiotherapy (EBRT) has been used only for palliative treatment in HCC owing to low hepatic tolerance. Some have proposed the use of stereotactic body radiotherapy (SBRT), with lower fraction number and higher dose intensity, to maintain local control of HCC after surgery [3] . With the advancement of SBRT technology, local tumor radiotherapy (RT) has become more focused with greater sparing of the surrounding tissue [4] . A radiation sensitizer (RS) is a pharmacologic agent that improves the action of RT on target tissue. In a preclinical model, robust evidence has shown the benefit of adding a variety of pharmaceutical agents acting as RSs to EBRT [5] . Theoretically, the cytopathic effect of EBRT is due to breaks in the double-stranded deoxyribonucleic acid (DNA). The most investigated RSs are chemotherapeutic agents, especially DNA base analogs, with analogs of platinum and 5-fluorouracil (5-FU) being among those first tested or used as RSs clinically. Later, molecular targeted agents including inhibitors of phenylbutyrate-derived histone deacetylase (HDAC), Aurora kinase, phosphatidylinositol 3-kinase (PI3K) and other multikinase inhibitors were reported to potentiate the effect of EBRT on HCC [6] [7] [8] [9] . Recently, immunotherapeutic approaches have been shown to have advantages in a variety of cancer treatments, and local RT with intratumoral injection of vaccines shown to elicit tumor-specific immune responses [10] .
Because HCC treatment options vary and their patterns of failure are unpredictable, useful biomarkers are needed to guide therapeutic strategies. Traditionally, alpha-fetoprotein (AFP) is the most commonly accepted marker of HCC invasiveness. Unfortunately, only 50% of patients with HCC have detectable AFP [11] . Other potential prognostic or predictive biomarkers including des-γ-carboxy prothrombin (DCP) and the lens culinaris agglutininreactive fraction of AFP (AFP-L3) have been extensively investigated [12] . However, few biomarkers of RT responsiveness or toxicity in HCC have been documented. Only a few reports have linked angiogenic factors in serum to circulating tumor cells (CTC) in patients with HCC undergoing RT.
In this review, we have summarized the current evidence about SBRT, RSs, and biomarkers to propose new effective RT strategies in HCC.
RT Fractionation
Due to the high vulnerability of liver to injury by EBRT, its role in conventional HCC treatment is limited. Radiation-induced liver disease (RILD), background liver disease, and possible hepatitis B reactivation after EBRT are key considerations in planning RT for HCC. For many years, liver RT has been limited only to palliation [13] . With the advent of three-dimensional conformal RT (3D-CRT), high doses could be delivered to individual tumors with good sparing of the surrounding parenchyma. With the help of normal tissue complication probability models to predict RILD and dose-limiting hepatotoxicity, the use of EBRT in HCC has been re-established [14] . The French phase II RTF-1 trial showed promising results of using 3D-CRT with 66 Gy (2 Gy fractions) for small HCC. In selected patients with Child-Pugh class A/B cirrhosis and small-size HCC (1 nodule ≤5 cm, or 2 nodules ≤3 cm) unsuitable for curative treatment, there was a complete response in 80% of patients [15] . In the era of 3D-CRT, a retrospective cohort study of 398 patients with HCC from 10 Korean institutions found that higher RT dose (i.e., biologically effective dose [BED] >53.1 Gy 10 ) improved prognosis [16] . A study from Japan reported that a total RT dose >50.4 Gy increased survival [17] . Hence, subsequent studies have been focused on alternative fractionation schemes to increase the RT effect.
With the aid of immobilization devices, respiratory control systems, and image guidance systems, it was discovered that hypofractionated ablative doses can be safely used with SBRT. In a 1995 pioneer study of SBRT in liver tumors reported by Blomgren et al. [18] , 11 of 42 HCC lesions received 15-45 Gy in 1-3 fractions. Two of the tumors responded completely. However, two of the eight patients with HCC with large tumors (target volumes 57-633 ml) died 2-20 days after treatment due to deterioration of liver cirrhosis. Subsequent SBRT studies have examined considerably different schemes (table 1) .
Retrospective Studies of SBRT to HCC Choi et al. analyzed the data from 20 patients with HCC treated with SBRT using 50 Gy in 5 or 10 fractions; most patients had Child-Pugh A cirrhosis. After a median follow-up of 23 months, the response rate was 80%, and median survival was 20 months [19] . Kwon et al. reported on 42 patients with HCC with liver target volumes (less than 100 ml) treated with 30-39 Gy in 3 fractions. The in-field complete response was 59.6% and the local control rate at 2 years was 72% [20] . Seo et al. reviewed the data from 38 patients with HCC of less than 10 cm treated with SBRT (33-57 Gy in 3-4 fractions) as a salvage treatment. At three months after SBRT, the local response rate was 63% based on computed tomography scan images. A high radiation dose was independently associated with survival. Only one (2.7%) patient experienced a serious adverse event (i.e., grade 3 dermatitis) [21] . Louis et al. reported on 25 patients with HCC treated with cyberknife SBRT using 45 Gy in 3 fractions. Grade 3 acute toxicities developed in two (8%) patients, and the 2-year local control rate was 95% [22] .
Andolino et al. reviewed the data from 60 patients with HCC and Child-Pugh A/B treated with SBRT using 24-48 Gy in 3-5 fractions delivered to liver tumors smaller than 6 cm. The 2-year local control rate was 87%. Of the 21 (35%) patients who experienced grade 3 hematologic/hepatic toxicity, 17 had preexisting grade 2 hematologic/hepatic toxicity [23] . A review by Huang et al. of 36 cases of recurrent HCC in patients undergoing cyberknife SBRT with 25-48 Gy in 4-5 fractions identified a grade 3 gastric ulcer in one (2.8%) patient and revealed a 2-year local control rate of 75% [24] . Bae et al. reported on 35 Barcelona Clinic Liver Cancer stage C and Child-Pugh A patients with HCC receiving SBRT with 30-60 Gy in 3-5 fractions. Eight (23%) patients had main portal vein tumor thrombosis. The median PTV (planning target volume) and SBRT dose were 131 ml (range: 21-2189 ml) and 45 Gy in 3-5 fractions (range: 30-60 Gy). Eight (23%) and two (5.7%) patients experienced grade 3 hematologic/hepatic toxicity and grade 4 gastric or colonic perforation, respectively. The 1-and 3-year local control rates were 69% and 51%, respectively. SBRT dose of BED ≥80 Gy 10 was a significant prognostic factor for survival [25] .
Prospective Trials of SBRT to HCC Mendez Romero et al. reported the outcomes of a phase I/II trial of SBRT in four patients with HCC (tumor size <4 cm) and no cirrhosis who received an SBRT dose of 37.5 Gy in 3 fractions and in four patients with HCC (tumor size ≥4 cm) and cirrhosis who received 25 Gy in 5 fractions or 30 Gy in 3 fractions. The crude local control rate and actuarial overall survival (OS) rate at one year were 82% and 75%, respectively. However, a higher than grade 3 toxicity was noted in one patient with Child-Pugh B who developed liver failure with a fatal infection [26] .
A phase I study at Princess Margaret Hospital included 31 patients with unresectable Child-Pugh A HCC. The median dose of SBRT was 36.0 Gy (range: 24-54 Gy) in 6 fractions.
Within the first three months, eight patients developed grade 3 elevated liver enzymes. The 1-year survival rate was 48%, and the overall response rate was 49% [27] .
Bujold et al. pooled the results of one phase I/II study and one phase II trial using SBRT in patients with HCC unsuitable for standard locoregional therapies. A total of 102 patients were enrolled and SBRT dose was 24-54 Gy in 6 fractions. More than grade 3 toxicity was noted in 27 (30%) patients. Local control rate at 1 year was 87%. Factors associated with better survival by multivariate analysis were the absence of tumor vascular thrombosis and inclusion in the phase II trial (with limitation on HCC lesion number [≤5 cm] and maximal lesion dimension [<15 cm]) [3] . A contemporary phase I to II trial conducted at Indiana University Hospital in 26 non-surgical candidate patients with HCC (tumor number ≤3, sum diameters ≤6 cm) receiving a median SBRT dose of 42 Gy (range: 24-48 Gy) in 3-5 fractions found an overall response rate of 73% and 1-year survival rate of 77% [4] .
Charged Particle Therapy (CPT)
CPTs, including proton beam therapy (PBT) and carbon ion therapy (C-ion RT), have the unique properties of rapid dose fall-off beyond the Bragg peak and of higher relative biological effectiveness compared with photon therapy. Thus, CPTs have been regarded as a more tumor-specific treatment than traditional photon RT.
Prospective studies with CPT in HCC are limited with few phase I to II trials. Two prospective trials with PBT and one trial with C-ion RT have been published in the recent decade. In one study from Japan, 51 patients received PBT with 66 GyE (gray equivalent) in 10 fractions. The 5-year OS of 38.7% and local control of 87.8% were reported [28] . Another study was published by Bush et al. from Loma Linda University Medical Center. In the phase II study, 76 patients were treated by PBT with a dose scheme of 63 GyE in 15 fractions. The median OS times for Child-Pugh class A, B, and C were 34 months, 13 months, and 12 months, respectively. With PBT as a bridging treatment, 18 patients subsequently underwent liver transplantation with a 3-year survival rate of 70% [29] .
In the dose-escalation trial of C-ion RT by Kato et al., a promising local control after this therapy for 24 patients was reported. The OS rates were 92%, 50%, and 25% and local control rates were 92%, 81%, and 81% at 1, 3, and 5 years, respectively. No dose-limiting toxicity was observed with the dose escalation from 49.5 to 79.5 GyE in 15 fractions. They suggested a dose of 72 GyE for an optimal benefit between high local control rate and low probability of grade III toxicity [30] (table 2) .
However, CPTs have not been directly compared to photon RT. Qi et al. conducted a meta-analysis to compare treatment efficacy between CPT and photon RT in patients with HCC. Although they found that CPT (compared with conventional RT [CRT]) significantly improved OS, progression-free survival, and local control at longest follow-up, the irradiated liver tumors were significantly larger and the RT doses were significantly lower in patients treated with CRT than in patients treated with CPT. Moreover, the survival and local control rates were similar between the CPT and SBRT groups. Furthermore, the rate of more than grade 3 toxicity was lower in patients treated with CPT than in patients treated with CRT or SBRT [31] .
RS
The advances in RT technology make possible delivery of an ablative dose to HCC while protecting surrounding non-cancerous tissue. A RS can augment the anti-HCC effect of RT, which damages the DNA of neoplastic cells leading to their death. The pyrimidine analog, [29] 5-FU was an initial RS used in cancer treatment. 5-FU acts as an antimetabolite that irreversibly inhibits thymidylate synthase by competitive binding during DNA biosynthesis. The efficacy of using drugs concurrently with RT to potentiate radiation effects was first established by Heidelberger in 1958 who showed that concurrent 5-FU and RT acted synergistically in a preclinical sarcoma xenograft model [32] . The combination of chemotherapy with liver RT has previously been used in liver metastasis treatment. Traditionally, whole liver RT with 20-30 Gy in 10-15 fractions has been used for palliation of painful liver metastasis or primary liver cancer. However, whole liver RT with concomitant intra-arterial 5-FU or its derivatives proved to be only minimally beneficial [33] . Recently, the availability of novel molecular targeted therapies has increased anticancer treatment options. Therapies targeting a specific molecular pathway involved in tumor development and progression are new. Sorafenib (Nexavar ® ) is a multikinase inhibitor that targets the Raf/MAPK/ERK signaling pathway and induces blockade of tumor growth. It also has an anti-angiogenic effect by interfering with the tyrosine kinase of vascular endothelial growth factor receptor [VEGFR]-2, VEGFR-3, and platelet-derived growth factor receptor-b . Both the Raf/MAP/ERK cascade and angiogenic signaling pathways are critical in the pathogenesis of HCC. The demonstration that sorafenib induces apoptosis and inhibits angiogenesis in an HCC model [34] implies the therapeutic potential of sorafenib in HCC.
The results of the Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol (SHARP) trial found a prolonged survival by sorafenib relative to placebo [35] . Another phase III trial conducted in the Asia-Pacific region also reported a survival benefit in patients with advanced HCC [36] . Subsequently, sorafenib became a salvage treatment in patients with HCC with macrovascular invasion and extrahepatic metastases. In vitro and in vivo studies have shown that sorafenib increases radiation-induced apoptosis by downregulating phosphorylation of signal transducer and activator of transcription 3 (STAT3) [37] , and decreased VEGFR-2-dependent angiogenesis by inhibiting radiation-induced activation of VEGF-2 [38] (table 3) .
Few clinical studies have been published on sorafenib combined with RT. In a retrospective study in 13 patients with HCC receiving sorafenib and local RT (30-54 Gy) to the main liver tumor, Cha et al. found a response rate of 61%. They also identified the most common Ectopic xenografts [38] Huh-7=human hepatoma cell line; PLC-5=PLC/PRF/5; BNL=BNL CL.2; SK-Hep1=an immortal, human cell line derived from the ascetic fluid of a patient with adenocarcinoma of the live; Hep3B=Hep 3B2.1-7; HepG2=liver hepatocellular cells; SMMC-7721=human hepatocellular carcinoma cell line; PARP-1=Poly (ADP-ribose) polymerase-1.
grade 3 toxicity as hand-foot syndrome, which developed in 17% of all patients [39] . In a phase II trial of concurrent RT and sorafenib (400 mg twice daily) conducted in 40 patients with advanced HCC, Chen et al. demonstrated a median RT dose of 50 Gy to the liver tumor and a response rate of 55%. However, more than grade 3 hepatic toxicity developed in six patients (15%), three of whom died [40] . In a phase I trial to determine the tolerated dose of sorafenib when combined with SBRT in HCC, Dawson et al. observed dose limiting toxicities (DLT) in patients with large tumors treated with SBRT (39-54 Gy in 6 fractions) and sorafenib (400 mg daily) and suggested the use of sequential SBRT followed by sorafenib (200 mg daily) [41] . Though the results have been encouraging, the combination remains highly toxic. Nevertheless, the clinical trial, RTOG 1112, is ongoing to address the issue of whether sequential SBRT and sorafenib is more effective than sorafenib alone (table 4) .
RS compounds are still under development. HDAC inhibitors prevent HDACs from removing acetyl groups on histone tails and affects the interaction between chromatin-associated complexes, histone proteins, and DNA molecules. Lu et al. tested the synergism of one of the phenylbutyrate-derived HDAC inhibitors, AR-42 (Arno Therapeutics, Inc., Fairfield, NJ) with RT for HCC. The addition of AR-42 to RT had a tumor-suppressive effect in up to 82% of cases. The RS effect was associated with the inhibition of DNA repair and intratumoral Ku70 activity [6] . Aurora kinase inhibitor interrupts accurate cell cycling and reduces genomic stability by interfering with the mitotic kinase Aurora A. Radiation sensitization with VE-465, another Aurora kinase inhibitor, has been achieved in HCC treatment via blockade of histone H3 phosphorylation and disruption of the cell cycle [7] . It has been proposed that the phosphoinositide-3 kinase (PI3K)/serine/threonine-specific protein kinase (Akt) pathway is associated with RT resistance. Liu et al. demonstrated that the RS effect of BKM120 (a pure PI3K inhibitor) on HCC is mediated through the inhibition of Akt activation resulting in apoptosis and impaired DNA damage repair [8] . A novel sorafenib derivative, SC-59, synergizes with RT via targeting SHP-1(SH2 domain-containing phosphatase 1)/STAT3 signaling [9] . Guillot et al. investigated the RS effects of small molecule inhibitors of poly (adenosine diphosphate ribose) polymerases (PARPi) and related these effects to the inhibition of DNA damage repair. Thus, in HCC with a high propensity to DNA damage, PARPi might eradicate the tumor by synergizing with RT [42] (table 3) .
With their success in clinical trials, anti-cytotoxic T-lymphocyte-associated antigen 4 and anti-programmed-death-1 antibody-based cancer immunotherapies have come of age [43] . However, the data on RT combined with immunotherapy for HCC is still sparse. In a phase I study of immunotherapy (intratumoral injection of hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 ] immune adjuvant three times at one-week intervals after PBT) for patients with locally advanced or recurrent HCC, Abei et al. found transient low-grade fever and less or equal to grade 2 tox- DLT at sorafenib 400 mg daily NA [41] icities in seven of nine enrolled patients, and more than 1-year progression-free survival in four patients [44] .
Biomarkers
With the development of more advanced treatment modalities, useful biomarkers are urgently needed for predicting treatment outcome and for selecting patients. However, most of the available biomarkers are prognostic factors, and treatment prediction factors are scarce. AFP is the most widely used biomarker in the diagnosis of HCC and evaluation of its treatment response. Moreover, two biomarkers, namely AFP-L3 and DCP, have been developed for HCC detection and surveillance of at-risk patients [45] . In the SHARP study, baseline plasma levels of AFP and alkaline phosphatase were used as prognostic factors for survival. Among the biomarkers validated in the trial, there were two independent predictors of survival (baseline plasma levels of vascular endothelial growth factor [VEGF] and angiopoietin 2) and two predictors of sorafenib response (hepatocyte growth factor and soluble c-KIT) both with a trend toward increased survival benefit [46] .
Two studies addressed the association of angiogenesis factors with RT. Chung et al. compared patients undergoing TACE alone with those undergoing TACE followed by 3D-CRT and noted substantial tumor regression in patients treated with TACE+RT. However, the survival benefit of RT was offset by out-of-field tumor progression. Based on the results of in vitro and in vivo experiments, they proposed that serum VEGF was induced by RT. The up-regulated VEGF resulted in angiogenesis and intra-and extra-hepatic failure outside the RT field [47] . In a phase II study of RT combined with the anti-angiogenesis agent, thalidomide, Ch'ang et al. compared the combined treatment with RT alone and found that the drug suppresses serum levels of fibroblast growth factor, interleukin-6 (IL-6), and tumor necrosis factor-α. In multivariate analysis, the significant factors of progression-free survival were baseline levels of serum IL-6 and stem cell-derived factor-1 [48] .
The significance of CTC in the peripheral blood has been associated with prognosis in several cancer types [49] . Guo et al. used an optimised negative enrichment and quantitative real time-polymerase chain reaction (qRT-PCR) -based platform for CTC detection in patients with HCC. Intrahepatic lesions in 66 patients received RT. Pretreatment with epithelial cell adhesion molecule (EpCAM), messenger ribonucleic acid (mRNA) and CTC was an independent prognostic factor for disease progression. In the 22 patients with pretreatment and 1-month posttreatment blood samples, six (27.3%) patients showed increased numbers of CTC, 10 (45.4%) patients had decreased numbers of CTC, and six (27.3%) patients had no change in CTC status. The tumor progressed in four of the six (66.7%) patients, with increased CTC numbers after treatment [50] (table 5) .
Conclusion
With the advancement of RT technology, the role of RT in HCC has gradually shifted from palliation to curative ablation. Although improved schemes are still being sought, ablative SBRT dose delivery has achieved favorable local control in over 65% of cases at one year. Compared to CPTs, SBRT has similar efficacy but slightly higher toxicity. Preclinical and clinical studies have reported encouraging results with targeted radiosensitizers and immunotherapeutic agents. The biomarkers associated with HCC RT include angiogenesis factors and CTC. The combination of radiosensitizers with SBRT, and the appropriate patient selec- [49]
SDF-1=stem cell-derived factor-1; PFS=progression-free survival.
